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Environmental factors such as diets rich in saturated fats contribute 
to dysfunction and death of pancreatic p-cells in diabetes. Endo- 
plasmic reticulum (ER) stress is elicited in p-cells by saturated fatty 
acids. Here we show that palmitate-induced p-cell apoptosis is me- 
diated by the intrinsic mitochondrial pathway. By microarray anal- 
ysis, we identified a palmitate-triggered ER stress gene expression 
signature and the induction of the BH3-only proteins death protein 
5 (DP5) and p53-upregulated modulator of apoptosis (PUMA). 
Knockdown of either protein reduced cytochrome c release, cas- 
pase-3 activation, and apoptosis in rat and human p-cells. DP5 
induction depends on inositol-requiring enzyme 1 (IREl)-depen- 
dent c-Jun NH 2 -terminal kinase and PKR-like ER kinase (PERK)- 
induced activating transcription factor (ATF3) binding to its pro- 
moter. PUMA expression is also PERK/ATF3-dependent, through 
tribbles 3 (TRB3)-regulated AKT inhibition and Fox03a activation. 
DP5~'~ mice are protected from high fat diet-induced loss of 
glucose tolerance and have twofold greater pancreatic p-cell mass. 
This study elucidates the crosstalk between lipotoxic ER stress 
and the mitochondrial pathway of apoptosis that causes p-cell 
death in diabetes. Diabetes 61:2763-2775, 2012 




The global prevalence of type 2 diabetes (T2D) 
has reached 250 million and is projected to in- 
crease to nearly 400 million by 2030 (1). The 
consumption of a hypercaloric diet rich in satu- 
rated fats, in the setting of an unfavorable genetic back- 
ground, is causal in the pathogenesis of T2D. Insulin 
resistance in peripheral tissues is a prime feature of T2D, 
but diabetes only develops in patients who are unable to 
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sustain a compensatory increase in insulin release by the 
pancreatic p-cells. The loss of p-cell mass by apoptosis 
contributes to the progressive p-cell failure in T2D (2). 
Dietary or adipocyte-derived free fatty acids (FFAs) con- 
tribute both to peripheral insulin resistance and to p-cell 
dysfunction and death in T2D. Chronic high-fat diet (HFD) 
leads to hyperglycemia as a consequence of impaired in- 
sulin secretion and insulin resistance (3,4), and in vitro 
exposure to saturated and, to a lesser extent, unsaturated 
FFAs induces p-cell dysfunction and death (5,6). 

How FFAs cause p-cell apoptosis is not well under- 
stood. Several studies have indicated endoplasmic reticulum 
(ER) stress as a potential mediator (7-10). Perturbations in 
ER function initiate the unfolded protein response (UPR) 
governed by three ER transmembrane proteins: PKR-like 
ER kinase (PERK), inositol-requiring kinase-1 (IRE1), and 
activating transcription factor (ATF) 6. The prime function 
of the UPR is to restore ER homeostasis by reducing 
protein load and increasing ER folding capacity and mis- 
folded protein degradation. Attenuation of protein trans- 
lation is executed by PERK through phosphorylation of the 
eukaryotic translation initiation factor 2a (eIF2a), whereas 
the two other branches increase ER function by upregu- 
lating ER chaperones and the ER-associated protein deg- 
radation machinery. Nonresolved ER stress induces cell 
death (11,12). ER stress may contribute to p-cell failure in 
T2D, because increased expression of markers of ER 
stress, including ATF3 and C/EBP homologous protein 
(CHOP; also known as GADD153 or DDIT3), has been 
found in islets from T2D patients (11). Prolonged eIF2a 
phosphorylation induces p-cell apoptosis through the mi- 
tochondrial pathway of cell death (13-15), but how lip- 
otoxic ER stress response culminates in the triggering and 
execution of p-cell apoptosis remains unknown. 

The intrinsic or mitochondrial pathway of cell death is 
tightly modulated by proteins of the B-cell lymphoma (Bel) 
2 family, composed of antiapoptotic (Bcl-2, Bcl-XL, Bcl-w, 
myeloid cell leukemia sequence [Mcl] 1, and Al) and proa- 
poptotic members that are further subdivided in multido- 
main (Bax, Bak, and Bok) and BH3-only proteins (death 
protein 5 [DP5, also known as harakiri], Bim, Bid, p53- 
upregulated modulator of apoptosis [PUMA, also known as 
BBC3], Bad, and Noxa) (16). Apoptosis starts with Bax 
translocation from the cytosol to the mitochondrial mem- 
brane, where it oligomerizes with Bak. The pore formed by 
Bax/Bak causes mitochondrial outer membrane permea- 
bilization, allowing soluble proteins such as cytochrome c to 
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diffuse to the cytosol. The subsequent formation of the 
apoptosome leads to caspase 9 activation and caspase 
3-mediated cell death. The BH3-only proteins induce ap- 
optosis in a cell type- and stimulus-dependent fashion. 
These proteins are essential initiators of apoptosis by their 
ability to bind and inhibit prosurvival Bcl-2 members and 
by their direct activation of Bax and Bak (17). The BH3- 
only proteins are transcriptionally regulated, and some, 
including Bim and Bid, are posttranslationally modified. 
The c-Jun NH 2 -terminal kinase (JNK) plays an important 
role in the regulation of the mitochondrial pathway of 
apoptosis (18). JNK activates Bax, Bim, and Bad by phos- 
phorylation (19-21) and upregulates Bim, PUMA, and DP5 in 
hepatocytes and neurons (22,23). 

In this study, we have used global gene expression an- 
alyses followed by a comprehensive series of focused 
experiments to characterize the pathways of apoptosis in 
lipotoxic p-cell death and their regulation by the ER stress 
response. We demonstrate that the activation of JNK and 
PERK by palmitate contributes to induction of the BH3- 
only proteins DP5 and PUMA, and we clarify the ER stress- 
mitochondrial dialog triggering lipotoxic p-cell apoptosis, 
thus suggesting novel targets for the prevention of (3-cell 
demise in early T2D. 

RESEARCH DESIGN AND METHODS 

Culture of INS-IE and primary fluorescence activated cell sorter-purified 
rat {5- and human islet cells and functional studies. The culture of INS-IE 
and primary fluorescence activated cell sorter-purified rat p-cells is described 
in the Supplementary Data. 

Human islets (from 4 donors aged 63 ± 7 years, BMI 25 ± 1 kg/m 2 , cause of 
death cerebral hemorrhage) were isolated by collagenase digestion and den- 
sity gradient purification. The islets were cultured, dispersed, and transfected 
as described previously (24). The percentage of P-cells, examined by insulin 
immunofluorescence (9), was 69 ± 11%. 

For FFA exposure, primary P-cells were cultured in medium with 1% BSA 
without FBS, and INS-IE cells were cultured in medium with 1% FBS and 1% 
BSA (5). Oleate and palmitate (Sigma, Schnelldorf, Germany) were dissolved 
in 90% ethanol (6) and used at a final concentration of 0.5 mmol/L, which in the 
presence of 1% BSA results in unbound FFA concentrations in the nanomolar 
range (5). The chemical JNK inhibitor SP600125 (Sigma) and the peptide JNK 
inhibitor L-TAT-JNKi were used at 10 p.mol/L for 2 h before and during FFA 
exposure (9). The IRE1 inhibitor 4^8C was used at 25 (j,mol/L during FFA 
exposure (25). 

Details on the microarray analysis, real-time PCR primers, RNA interfer- 
ence, chromatin immunoprecipitation (ChIP), promoter reporter assay, and 
antibodies are provided in the Supplementary Data. 

Assessment of p-cell apoptosis. Apoptotic P-cells and INS-IE cells were 
counted in fluorescence microscopy after staining with the DNA-binding dyes 
propidium iodide (5 jig/mL) and Hoechst 33342 (10 jjig/mL) (15). Apoptosis 
was confirmed by additional methods, including Bax translocation, caspase 
9 and 3 cleavage, and cytochrome c release, measured as described else- 
where (13). 

Mouse studies. Male DP5~'~ and wild type (WT) C57BL/6 J mice were given 
standard chow (fat 10% of caloric intake, D12450B) or HFD (fat 60% of caloric 
intake, D12492; Research Diets). After 12 weeks, intraperitoneal glucose tol- 
erance tests were done in 16-h fasted mice by injecting glucose (2 mg/g body 
weight). Blood was collected from the tail at times 0, 15, 30, 60, 90, and 120 
min, and glucose was measured with a FreeStyle Lite glucometer (Abbott 
Diabetes Care). Plasma was separated by centrifugation (10 min, 5000#) and 
stored at — 20°C. Plasma insulin was measured with the Ultrasensitive Mouse 
ELISA Kit (Crystal Chem, Downers Grove, IL). For the intraperitoneal insulin 
tolerance test, 0.75 mU/g body weight Actrapid (Novo Nordisk) was injected 
after a 4-h fast, and glucose was measured at the time points listed previously. 
P-Cell mass. Pancreases were taken from mice killed after 25 weeks on the 
different diets. Three nonconsecutive 5-fj.m thick pancreatic sections 150 fjim 
apart were labeled with a standard immunoperoxidase method for paraffin 
sections with a mouse anti-insulin antibody (1/4000; Sigma). The p-cell mass 
was quantified blindly as p-cell volume density multiplied by pancreas weight 
(26). To assess p-cell size, nuclear crowding was determined as the number of 
P-cell nuclei per 100 (jim 2 p-cell cytoplasm (27). The p-cell proliferation was 
examined as described in the Supplementary Data. 



Glucose-stimulated insulin secretion. After isolation, DP5~'~ and WT 

mouse islets were cultured for 30 min in M199 medium containing 5.6 mmol/L 
glucose and washed with modified Krebs-Ringer bicarbonate HEPES solution 
(150 mmol/L NaCl, 3.5 mmol/L KC1, 0.5 mmol/L MgCl 2 , 1.5 mmol/L CaCl 2 , 
5 mmol/L NaHC0 3 , 0.5 mmol/L NaH 2 P0 4 , 10 mmol/L HEPES, and 0.1% BSA at 
pH 7.4). Insulin secretion was induced by 1 h of incubation with Krebs-Ringer 
bicarbonate HEPES solution containing 1.7 or 16.7 mmol/L glucose. Insulin 
was measured by ELISA in cell-free supernatants and acid-ethanol extracted 
cell lysates. 

Statistical analysis. Data are presented as means ± SE of the indicated 
number (m) of independent experiments. Comparisons were performed by 
ANOVA, followed by paired t test with the Bonferroni correction for multiple 
comparisons. P < 0.05 was considered statistically significant. 



RESULTS 

Palmitate induces p-cell death through the mitochon- 
drial pathway of apoptosis. Palmitate induced cyto- 
chrome c release from the mitochondria (Fig. L4-C), Bax 
translocation from the cytosol to the mitochondria (Fig. 
IB-D), and caspase 9 and 3 activation (Fig. IE), demon- 
strating that palmitate engages the intrinsic pathway of 
apoptosis in pancreatic p-cells. Oleate induces less cell 
death (5,13) and does not stimulate cytochrome c release. 
In a time-course study, palmitate decreased Bcl-2 protein 
expression from 16 h on, independently of BCL2 mRNA 
expression (Supplementary Fig. 1). Knockdown of Bcl-2 
induced apoptosis and sensitized cells to FFAs (Supple- 
mentary Fig. LB). Palmitate also reduced Bcl-XL protein 
levels though at a late time-point of 24 h only (Supple- 
mentary Fig. 2A). Similar to Bcl-2, Bcl-XL knockdown in- 
duced p-cell apoptosis (Supplementary Fig. 25). These 
results confirm the antiapoptotic role of Bcl-2 and Bcl-XL 
in (3-cells under basal and lipotoxic conditions. The mito- 
chondrial morphology of palmitate-treated cells was punc- 
tate, as opposed to the reticular adenosine 5'-triphosphate 
(ATP) synthase (3 staining in control cells (Supplementary 
Fig. 1C and D), and this coincided with the marked de- 
crease in Bcl-2 protein expression, suggesting that Bcl-2 
depletion by palmitate contributes to disruption of the mi- 
tochondrial network. 

Palmitate modulates cell death and other gene net- 
works in (i-cells. We next profiled the global gene ex- 
pression of INS-IE cells exposed to palmitate for 6 and 14 h. 
In the array analysis, 20,405 probe sets corresponding to 
10,524 genes were detected as present in control or pal- 
mitate-treated |3-cells. Palmitate modified the expression 
of 6.7% (792 genes) and 8.2% (1,074 genes) of probe sets at 
6 and 14 h, respectively. The top functional clusters in- 
cluded gene expression, lipid metabolism, cell growth, 
cellular function and maintenance, and cellular compromise 
at 6 h and cell death, cellular function, cellular compromise, 
protein synthesis, and lipid metabolism at 14 h. Two net- 
works were enriched in proapoptotic signaling molecules. 
At 6 h, palmitate upregulated markers of ER stress, in- 
cluding ATF4, ATF3, CHOP, growth arrest and DNA damage 
protein 34, and TRB3 (Supplementary Fig. 3), which is in 
keeping with our previous findings on the proapoptotic 
signaling in the PERK branch of the UPR (9,15). At 14 h, 
we detected a network of mitochondrial cell death genes 
containing DP5 and PUMA, PERK, and Jun upregulations 
(Supplementary Fig. 4). 

Genes were also classified by a previously described 
manual curation (28) according to their potential role in 
p-cell dysfunction and death (Supplementary Table 1). 
Palmitate decreased the expression of glucose metabolism 
genes involved in glycolysis and the citric acid cycle, and 
upregulated lipid metabolism genes such as Acsl, Cptla, 
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FIG. 1. Palmitate induces apoptosis through the mitochondrial pathway. A: Representative immunofluorescence images of INS-IE cells exposed to 
palmitate for 24 h and stained for cytochrome c (green) and DNA (with Hoechst 33342, blue) (bar 20 urn). B: Representative immunofluorescence 
pictures of INS-IE cells treated with palmitate for 24 h and stained for Bax (red), ATP synthase (J (green), and DNA (Hoechst, blue) (bar 
represents 20 urn). Arrows point to cells with Bax translocation to the mitochondria. C: Percentage of INS-IE cells with mitochondrial Bax 
translocation or cytochrome c release after palmitate treatment for the indicated periods (n = 3-4). D: Confocal microscopy of INS-IE cells treated 
with palmitate for 24 h and stained for Bax (green), ATP synthase (J (red), and DNA (Hoechst, blue) (top). Scatterplots of fluorescence intensities 
measured by line scanning in confocal microscopy images for Bax and ATP synthase p of 3 control and 4 palmitate-treated cells. Linear regression 
shows a tight correlation in palmitate-treated cells (bottom right) compared with control condition (bottom left), suggestive of Bax translocation 
to the mitochondria. E: Time course of caspase 9 and 3 activation analyzed by Western blot in palmitate-treated INS-IE cells. A representative blot 
of 3 independent experiments is shown. *P < 0.05 against control. (A high-quality digital representation of this figure is available in the online 
issue.) 
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and Fadsl. The AP-1 family of transcription factors, in- 
cluding c-Jun and c-Fos, was induced at both time points. 
Genes mediating ER function and signal transduction in 
the different branches of the UPR were induced, including 
ATF3, ATF4, CHOP, and TRB3 and also Sec61al and 
Dnajc3 (Supplementary Table 1). The mRNA expressions 
of prodeath genes such as Bax, Bak, and Bim were not 
significantly modified; however, the BH3-only proteins 
DP5 and PUMA were markedly upregulated. On the basis 
of these gene expression analyses, these two Bcl-2 mem- 
bers were further studied for their role in mitochondrial 
(3-cell death. 

The BH3-only proteins DP5 and PUMA contribute to 
palmitate-induced apoptosis. By real-time PCR, we 
confirmed the array finding that palmitate induced DP5 
expression, with a maximum after 16 h (Fig. 2A). On the 
other hand, oleate did not induced DP5 expression (Fig. 2A). 
Efficient DP5 knockdown by RNA interference (Fig. 2B) 
reduced cytochrome c release, caspase 3 activation, and 
apoptosis in palmitate-treated cells (Fig. 2(7 and D) but did 
not prevent the mild oleate-induced apoptosis (Fig. 2D). 
Palmitate induced DP5 in primary rat (3-cells (Fig. 2E), and 
DP5 knockdown partially protected [3-cells against palmitate 
(Fig. 2E). In human islet cells, palmitate also induced 
DP5 (Fig. 2F), and DP5 knockdown protected cells from 
lipotoxicity (Fig. 2F). 

PUMA was markedly induced by palmitate, peaking at 
16 h, but not by oleate (Fig. 3A). Knockdown of PUMA 
(Fig. 3B) decreased palmitate-induced cytochrome c re- 
lease, caspase 3 activation, and apoptosis (Fig. 3(7 and D), 
whereas it did not affect oleate toxicity (Fig. 3D). Palmi- 
tate also upregulated PUMA expression in fluorescence 
activated cell sorter-purified rat (3-cells and human islet 
cells (Fig. 3E and F). PUMA RNA interference partially 
(Fig. 3E) and nearly completely (Fig. 3^ prevented pal- 
mitate toxicity in, respectively, primary rat (3-cells and 
human islet cells. As a negative control, we studied a gene 
that was not detected as changed in the array analysis, 
namely Bim. Unlike DP5 and PUMA, Bim was not induced 
by palmitate (Supplementary Fig. 2(7), and knockdown of 
its protein product did not modify apoptosis rates (Sup- 
plementary Fig. 2D), confirming that Bim does not play 
a major role in lipotoxic (3-cell death. 
JNK mediates the lipotoxic induction of DP5 but not 
PUMA. To assess the mechanism by which palmitate 
induces DP5 expression, a DP5 promoter luciferase re- 
porter was used. The promoter sequence between — 125 to 
—85 is important for DP5 induction by palmitate, because 
its deletion reduced promoter activity by 42% compared 
with the full construct (Fig. 44). This promoter region has 
a conserved ATF site where c-Jun binds after phosphory- 
lation by JNK (23). Palmitate activated JNK and its target 
c-Jun from 30 min onward, peaking at 4-8 h (Supplemen- 
tary Fig. 5A and B). JNK inhibition by SP600125 reduced 
c-Jun phosphorylation (Fig. 4B) and abrogated palmitate- 
induced DP5 promoter activation and mRNA expression 
both in INS-IE cells (Fig. 4C and D) and in primary (3-cells 
(Fig. AD). The small peptide JNK inhibitor L-TAT-JNKi, 
previously shown to inhibit JNK and protect (3-cells against 
palmitate treatment (9), produced a similar reduction of 
c-Jun phosphorylation and decreased palmitate-induced 
DP5 expression (Supplementary Fig. 5(7 and D). The p-c- 
Jun binding to the DP5 promoter was increased by pal- 
mitate as observed in ChIP experiments (Fig. 4E), suggesting 
that p-c-5xm transcriptionally induces DP5. IRE la knock- 
down (by 76 ± 3%) reduced XBP1 splicing (by 46 ± 6%) and 



decreased palmitate-induced JNK phosphorylation (Fig. 4F). 
Additional support for the role of IRE1 was provided by 
using the novel IRE1 inhibitor 4|jl8C (25). This small mol- 
ecule very effectively blocked IRE1, inhibiting spliced 
XBP1 expression by 96 ± 1%, and significantly decreased 
JNK phosphorylation and DP5 expression (Fig. 4G and H), 
confirming that IRE1-JNK mediates the DP5 induction. 
4(jl8C did not inhibit JNK phosphorylation by interleukin- 
1(3 and interferon-7, suggesting it does not directly in- 
activate JNK (data not shown). 

PUMA expression is controlled by different transcrip- 
tion factors, including p53 and nuclear factor-KB (NF-kB) 
(29,30). Time course experiments showed that p53 is not 
induced by palmitate in INS-IE cells, suggesting a p53- 
independent PUMA regulation in (3-cells (Supplementary 
Fig. 5E). The activation of the PUMA promoter by palmi- 
tate was not affected by mutation of the NF-kB binding site 
(Supplementary Fig. 5F), previously shown to be impor- 
tant for cytokine-mediated PUMA upregulation (31). Fur- 
thermore, PUMA promoter activity and PUMA mRNA 
induction were not modified by JNK inhibitors (Supple- 
mentary Fig. 5G-7), suggesting a different role for JNK in 
the regulation of the DP5 and PUMA promoters. 
PERK-ATF3 signaling induces DP5 and PUMA. The 
PERK pathway and its downstream effectors CHOP and 
TRB3 are proapoptotic in palmitate-treated |3-cells (9,15,32). 
Knockdown of PERK by small interfering RNA (siRNA) 
decreased basal and palmitate-induced eIF2a phosphory- 
lation (Supplementary Fig. 6A-G) but did not prevent JNK 
activation (Supplementary Fig. 6D). PERK knockdown 
reduced DP5 and PUMA inductions by palmitate (Fig. 5A 
and B). Knockdown of ATF4 or CHOP did not affect the 
induction of either BH3-only protein by palmitate (Sup- 
plementary Fig. 6E-H). ATF3 siRNA, however, mimicked 
the effect of PERK siRNA on DP5 and PUMA expressions 
(Fig. 5A and B), suggesting that PERK-ATF3 activation by 
palmitate leads to DP5 and PUMA expression. In primary 
|3-cells, knockdown of PERK or ATF3 also decreased pal- 
mitate induction of DP5 and PUMA (Fig. 5(7). This is 
consistent with the presence of a putative ATF3 binding 
site in the DP5 promoter region — 125 to —85. Exposure of 
INS-IE cells to palmitate stimulated the association of 
ATF3 to the DP5 promoter, showing that this BH3-only 
protein is a direct target of the PERK-ATF3 pathway (Fig. 5D). 
The PUMA promoter, on the other hand, does not contain 
an ATF3 binding site, suggesting that ATF3 indirectly 
modulates PUMA. 

TRB3-AKT-Fox03a signaling contributes to the in- 
duction of PUMA by palmitate. In the microarray anal- 
ysis, palmitate markedly upregulated TRB3 (Supplementary 
Fig. 3 and Supplementary Table 1), an ER stress-inducible 
and proapoptotic gene in the PERK pathway (33). Because 
knockdown of CHOP did not change TRB3 expression 
(Supplementary Fig. 6G), we examined the role of ATF3. 
ATF3 knockdown attenuated TRB3 induction by palmitate 
(Fig. 5E). TRB3 is a pseudokinase that inhibits AKT phos- 
phorylation, leading to the activation of death pathways 
including GSK-3(3. Because AKT inactivates the forkhead 
box O (FoxO) family of transcription factors, among which 
Fox03a has been shown to induce PUMA-dependent apo- 
ptosis, we examined whether the TRB3-AKT-Fox03a path- 
way plays a role in the induction of DP5 and PUMA by 
palmitate. The induction of TRB3 mRNA by palmitate was 
confirmed at the protein level (Fig. 5F), and the FFA de- 
creased both AKT and Fox03a phosphorylation (Fig. 5F 
and Fig. 6A). The dephosphorylation of Fox03a (Fig. 6A) 
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FIG. 2. Palmitate-induced DP5 expression contributes to (J-cell death. A: Time-course analysis of DP5 mENA expression in oleate- or palmitate- 
treated INS-IE cells (n = 4). B: DP5 mENA expression of INS-IE cells transfected with negative or DP5 siRNA and treated with palmitate for 16 h 
(n = 5). C: Cytoplasmic cytochrome c and cleaved caspase 3 levels of INS-IE cells transfected with negative (N) or DP5 (D) siRNA and palmitate 
treated for 16 h. Apoptosis-inducing factor (AIF) expression was used as mitochondrial control, (J-actin was used as cytoplasmic control, and 
a-tubulin was used as a control for protein loading for the caspase 3 blot. Separate blots on the right show the noncytosolic fraction, including 
mitochondria, used as a positive control for cytochrome c and AIF blotting. A representative blot of 5 independent experiments is shown. D: 
Apoptosis in INS-IE cells transfected with negative or DPS siRNA and then treated with oleate or palmitate for 16 h (n = 3-4). E: DP5 mRNA 
expression in primary rat P-cells transfected with negative or DP5 siRNA and treated with palmitate for 24 h, after which apoptosis was assessed 
(n = 4). F: Protection from palmitate-induced cell death by DP5 knockdown in dispersed human islet cells. Cells were transfected with DP5 siRNA 
and 2 days later exposed to palmitate for 24 h (n = 4). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. *P < 0.05 against untreated cells. 
#P < 0.05. 



was accompanied by its nuclear translocation (Fig. 6B and C), 
confirming activation of the transcription factor. The 
knockdown of TRB3 partially prevented early changes in 
AKT and Fox03a phosphorylation (Fig. 5F). In parallel, TRB3 
knockdown decreased palmitate-induced PUMA expression 
(but not DP5 expression), and reduced lipotoxic (3-cell apo- 
ptosis (Fig. 5G and H). Additional TRB3/AKT-independent 
mechanisms may regulate Fox03a activation at later time 

diabetes.diabetesjournals.org 



points. In silico analysis of the DP5 and PUMA promoters 
identified putative Fox03a binding sites in both BH3- 
only genes, and ChIP demonstrated that palmitate induces 
Fox03a binding to both promoters (Fig. 6Z>). Fox03a 
knockdown partially prevented induction of DP5 and PUMA 
by palmitate (Fig. GE-F), showing that the AKT-Fox03a 
pathway downstream of ER stress controls the BH3-only 
gene expression and contributes to (3-cell death. 
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FIG. 3. Palmitate-induced PUMA expression contributes to p-cell death. A: Time-course analysis of PUMA mRNA expression in oleate- and 
palmitate-treated INS-IE cells (n = 4). B: PUMA mRNA expression of INS-IE cells transfected with negative or PUMA siRNA and treated with 
palmitate for 16 h (n = 5). C: Cytoplasmic cytochrome c and cleaved caspase 3 levels in INS-IE cells transfected with negative (N) or PUMA (P) 
siRNA and palmitate treated for 16 h. Apoptosis-inducing factor (AIF) expression was used as mitochondrial control, p5-actin was used as cyto- 
plasmic control, and a-tubulin was used as a control for protein loading for the cleaved caspase 3 blot. Separate blots on the right show the 
noncytosolic fraction, including mitochondria, used as a positive control for cytochrome c and AIF blotting. A representative blot of 5 independent 
experiments is shown. D: Apoptosis in INS-IE cells transfected with negative or PUMA siRNA and then treated with oleate or palmitate for 16 h 
(n = 3-4). E: PUMA mRNA expression in primary rat P-cells transfected with negative or PUMA siRNA and treated with palmitate for 24 h, after 
which apoptosis was assessed (n = 4). F: Protection from palmitate-induced cell death by PUMA knockdown in dispersed human islet cells. Cells 
were transfected with PUMA siRNA and 2 days later exposed to palmitate for 24 h (n = 4). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
*P < 0.05 against untreated cells. #P < 0.05. 



DP5 mice are protected from HFD-induced loss of 
glucose tolerance and have increased (i-cell mass. 

Because DP5 is upstream of PUMA (17) and DP5 but not 
PUMA knockdown provides complete (3-cell protection 
from palmitate at early time points (data not shown), we 
selected DP5~'~ mice for in vivo studies. DP5~'~ and WT 
mice were given standard chow or HFD (fat 60% of caloric 
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intake). After 12 weeks, the two HFD-fed genotypes had 
similar weight gain and insulin sensitivity (Fig. 7 A and E). 
In line with this, similar weight gain, perirenal fat accu- 
mulation and hepatic insulin-induced AKT phosphoryla- 
tion were observed in WT or DP5 knockout mice after 25 
weeks of chow or HFD (data not shown). DP5 mRNA ex- 
pression increased threefold in islets from HFD-fed WT mice 
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FIG. 4. JNK activation contributes to DP5 induction by palmitate in (J-cells. A: DP5 promoter study of INS-IE cells transfected with DP5 promoter 
fragments of different lengths (left) and the control plasmid CMV-RL and then treated with palmitate for 16 h. Firefly luciferase (LUC) activity was 
normalized to Renilla luciferase activity and expressed as fold induction of control (n = 4). B: JNK and c-Jun phosphorylation in INS- IE cells treated 
with palmitate or the JNK inhibitor SP600125 (10 p.mol/L) for 16 h. A representative blot of 3 independent experiments is shown. C: DP5 promoter 
study of INS-IE cells transfected with the full DP5 promoter and treated with the JNK inhibitor SP600125 as in B (n = 4). D: DP5 mRNA expression of 
INS-IE cells (left) or primary (J-cells {right") exposed to palmitate for 16 h or 24 h, respectively, in the presence or absence of SP600125 (n = 4). E: 
ChIP showing the binding of p-c-Jun to the DP5 promoter in INS-IE cells treated with palmitate (PAL) or left untreated (CTL) for 4 h (n = 3). Samples 
were incubated with p-c-Jun antibody (IP) or goat serum (serum, negative control). Input is total DNA from the samples. A representative image of 3 
independent experiments is shown. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter was used as a negative control. F: INS-IE cells 
were transfected with negative (N) or IRElot (I) siRNA and after 3 days treated with palmitate for the indicated times. A representative blot for IREla 
protein expression and JNK protein phosphorylation is shown (n = 4). G and H: JNK phosphorylation (G) and DP5 mRNA expression (H) (n = 3-4) in 
INS-IE cells treated with palmitate and/or the IRE1 inhibitor 4jji8C (25 u,mol/L) for 16 h. In G, a representative image of 4 independent experiments is 
shown. *P < 0.05 against untreated cells. #P < 0.05. 
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FIG. 5. The PERK-ATF3 pathway modulates DP5 and PUMA expressions. A: PERK and ATF3 protein expressions of INS-IE cells transfected with 
negative, ATF3, or PERK siRNA and treated 3 days after with palmitate (PAL) or left untreated (CTL) for 16 h. A representative blot of 3 in- 
dependent experiments is shown. B: DP5 and PUMA mRNA expressions of INS-IE cells transfected and treated as in A (n = 4). C: DP5 and PUMA 
mRNA expressions of primary rat fj-cells transfected with negative, ATF3, or PERK siRNA and 3 days after treated with palmitate for 24 h. D: ChIP 
showing the binding of ATF3 to the DP5 promoter in INS-IE cells treated with palmitate (PAL) or left untreated (CTL) for 8 h (n = 3). Samples 
were incubated with ATF3 antibody (IP) or goat serum (serum, negative control). Input is total DNA from the samples. The glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) promoter was used as a negative control. A representative image of 3 independent experiments is shown. E: 
ATF3 and TRB3 protein expression of INS-IE cells transfected with negative (N) or ATF3 (A3) siRNA and treated with palmitate for 16 h. A 
representative blot of 3 independent experiments is shown. F: Fox03a and AKT protein phosphorylation and TRB3 protein expression in INS-IE 
cells transfected with negative (N) or TRB3 (T) siRNA and treated with palmitate (PAL) or left untreated (CTL) for the indicated times. A 
representative blot of 4 independent experiments is shown. G: DP5 and PUMA mRNA expressions in INS-IE cells transfected with negative or 
TRB3 siRNA and treated with palmitate for 16 h (n = 4). H: Apoptosis in INS- IE ceUs transfected and treated as in G (n = 4). *P < 0.05 against 
untreated cells. #P < 0.05. 
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FIG. 6. Palmitate-induced Fox03a activation modulates DPS and PUMA expressions. A: Time-course analysis of Fox03a and AKT phosphorylation of INS- 
IE cells exposed to palmitate. A representative blot of 5 independent experiments is shown. B and C: Representative immunofluorescence picture (B, bar 
represents 20 u,m) and quantification (C) of Fox03a-positive nuclei in EVS-1E cells treated with palmitate (PAL) for the indicated times. In B, Fox03a is 
stained red and DNA is stained blue (n = 3). D: CluT showing increased binding of Fox03a to the DP5 and PUMA promoters in LNS-1E cells treated for 4 h 
with palmitate (PAL) as compared with untreated cells (CTL). Samples were incubated with Fox03a antibody (IP) or goat serum (serum, negative control). 
Input is total DNA from the samples. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter was used as a negative control. A representative 
image of 3 independent experiments is shown. E: Fox03a protein expression in INS- IE cells transfected with negative or two different siRNAs targeting 
Fox03a (Fl and F2) and then treated with palmitate for 16 h (n = 3—4). F: DP5 and PUMA mRNA expressions in INS- IE cells transfected and treated as in 
E. G: Schematic representation of the main findings; for details see text. Thick arrow up indicates induction by palmitate treatment and thick arrow down 
indicates downregulation. *P < 0.05 against untreated cells. #P < 0.05. (A high-quality digital representation of this figure is available in the online issue.) 
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FIG. 7. DP5 knockout mice are partially protected from HFD-induced impaired glucose tolerance. A: Weight gains of WT or DP5 mice receiving 
standard chow (C, dotted line) and HFD (full line") were similar. B: Blood glucose levels during intraperitoneal insulin tolerance test (n = 8-15). C 
and D: Blood glucose (C) and plasma insulin (U) levels during intraperitoneal glucose tolerance test (n = 8-15). E and F: Glucose-stimulated 
insulin secretion (Z? ) and insulin content (F) in isolated islets, normalized by total protein content. Insulin secretion at 16.7 mmol/L glucose was 
significantly higher than that at 1.7 mmol/L for all conditions (P < 0.01; n = 4). G: Cell death in WT and Bi>5 -/- mouse islets treated for 2 days with 
0.5 mmol/L palmitate (n = 3). H: Pancreatic p5-cell mass was assessed in WT and DP5~'~ mice maintained on chow or HFD for a total period of 25 
weeks (n = 5-6). I: The number of Ki67-positive (dividing) (J-cells per islet increased in the HFD-fed mice (n = 3-4). J: p5-Cell nuclear crowding was 
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compared with chow-fed WT mice (P = 0.17, n = 5-6). 
DP5~'~ mice were protected from HFD-induced diabetes 
(Fig. 7(7) as a result of strikingly increased insulin secre- 
tion (Fig. ID). Islets isolated from HFD-fed DP5~'~ mice 
contained and secreted twofold more insulin after glucose 
stimulation (Fig. 7E-F), suggesting a protective effect at 
the (3-cell level. The lack of the DP5 gene also protected 
mouse islets in vitro from palmitate-induced cell death 
(Fig. 7G). This resistance to lipotoxicity was paralleled by 
a doubling of p-cell mass in HFD-fed DP5~'~ mice but not 
in WT mice (Fig. 7H), confirming the physiological role of 
DP5 in vivo. We could not detect apoptotic p-cells in vivo 
in HFD-fed WT mice (data not shown) and were therefore 
unable to assess the putative protective role of DP5 de- 
ficiency. Increased [3-cell proliferation, assessed by Ki67 
staining (Fig. 77), and p-cell hypertrophy (Fig. 7J) likely 
contribute to the greater (3-cell mass of DP5~'~ mice. Thus 
DP5 may not only play a role in (3-cell apoptosis but also 
serve as a brake on (3-cell growth and proliferation. 



DISCUSSION 

Failure of the pancreatic (3-cells to compensate for high 
insulin needs is central to the pathogenesis of T2D, and 
several studies have reported a significant decrease in (3-cell 
mass in T2D (2,26). Chronic exposure to FFAs causes loss 
of functional (3-cell mass (34,35) and may contribute to T2D. 
Saturated lipids are harmful to (3-cells, and pronounced ER 
stress signaling (especially in the PERK pathway) has been 
proposed to mediate lipotoxic apoptosis (7-10,15). Execu- 
tion of FFA-induced apoptosis occurs through the mito- 
chondrial pathway, as indicated by cytochrome c release 
from the mitochondria after palmitate treatment (13,36,37), 
but it remained to be clarified how palmitate-induced ER 
stress crosstalks with the mitochondria to culminate in 
(3-cell death. We have now answered this question, showing 
that palmitate transcriptionally induces the BH3-only pro- 
teins DP5 and PUMA through PERK-dependent ATF3 ex- 
pression (Fig. 6G). 

In the hierarchical model for Bax/Bak activation, the 
BH3-only "sensitizer" proteins DP5, Bad, Bik, Bnip3, Bmf, 
and Noxa neutralize the prosurvival Bcl-2 proteins, allowing 
the BH3-only "activators" PUMA, Bim, and tBid to be re- 
leased to activate Bax/Bak (38,39). The use of the different 
pro- and antiapoptotic proteins after a proapoptotic stimu- 
lus is cell and context dependent. 

Palmitate decreases Bcl-2 expression (13); however its 
contribution to lipotoxic (3-cell death had not been exam- 
ined. We now show that the decreased Bcl-2 protein ex- 
pression in palmitate-exposed |3-cells occurs in conjunction 
with mitochondrial fragmentation and apoptosis. A reduc- 
tion in Bcl-XL protein was seen only after 24 h of palmitate 
exposure, suggesting that decreased Bcl-XL levels are not 
pivotal in palmitate-induced apoptosis. A role for Mcl-1 
protein downregulation has also been reported in palmitate- 
and ER stress-induced (3-cell apoptosis (40). 

The BH3-only prodeath sensitizers and activators in 
lipotoxicity are essentially unknown. Gene expression pro- 
filing of palmitate-treated |3-cells indicated that palmitate 
induced a gene expression signature of ER stress at the 
early time-point (6 h). At a later time-point (14 h), palmitate 
upregulated apoptosis-related genes, shifting from an 
adaptive response to one geared for cell death. As part of 
the proapoptotic signal network, there was upregulation of 
DP5 and PUMA, genes for two BH3-only proteins previously 
shown to play a role in apoptosis of (3-cells exposed to 
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cytokines (31,41). Knockdown of the BH3-only sensitizer 
DP5 and the activator PUMA protected (3-cells from palmi- 
tate, establishing their contribution to saturated FFA-in- 
duced apoptosis. Because the protection is partial in rat 
|3-cells, other BH3-only proteins or alternative death mech- 
anisms may play additional roles. Of note, oleate did not 
increase DP5 or PUMA expression, in keeping with the ob- 
servation that this FFA is much less toxic (5,9). 

We next set out to identify the mechanism of induction 
of these prodeath proteins by palmitate. Although the up- 
stream UPR has been characterized in detail, the down- 
stream transduction mechanisms through which ER stress 
connects to mitochondrial apoptosis have remained elu- 
sive. By promoter analysis, we identified a putative c-Jun 
binding site in the DP5 promoter, and confirmed p-c-Jun 
binding by ChlP. Inhibition of IRE 1 -dependent JNK acti- 
vation reduced DP5 promoter activation and mRNA in- 
duction by palmitate. These results are consistent with our 
previous finding that JNK inhibition protects against 
lipotoxic |3-cell death (9). JNK regulates the mtrinsic death 
pathway through transcriptional as well as posttranscriptional 
modifications of Bcl-2 family members (42,43). 

The BH3-only activator PUMA was not induced by JNK, 
p53, or NF-kB, previously shown to modulate PUMA ex- 
pression (29-31,44). We therefore examined the role of ER 
stress in PUMA expression. Of the three branches of the 
UPR, sustained activation of the PERK pathway plays a 
large part in (3-cell apoptosis (14,15). Downstream of 
PERK, CHOP contributes to palmitate-induced apoptosis 
(9). CHOP deletion also improves glycemic control and 
prevents (3-cell loss in mouse models of T2D (45). ATF3 is 
also induced by PERK; its role in (3-cell death is more 
controversial. ATF3 knockout confers minor protection 
against cytokine-induced islet cell apoptosis (46) which may 
involve the regulation of the insulin receptor substrate 
2 (47). In HFD-fed mice, on the other hand, ATF3 is protective 
by regulating insulin synthesis (48). We have now demon- 
strated that PERK-induced ATF3, but not ATF4-CHOP, 
induces both PUMA and DP5. Interestingly, the mecha- 
nisms by which ATF3 regulates DP5 and PUMA expres- 
sions are not similar. ATF3 directly modulates DP5 mRNA 
expression, as suggested by its binding to the DP5 pro- 
moter, whereas PUMA regulation depends on a complex 
pathway involving TRB3, AKT, and Fox03a (Fig. 6G). 

TRB3 was identified as a proapoptotic effector of CHOP 
and ATF4 (49). Increased TRB3 expression was observed 
in islets from T2D donors and HFD-fed mice (50). In the 
same study, interaction between TRB3 and ATF4 de- 
creased insulin secretion by reducing the expression of 
exocytosis-related genes. We show here that TRB3 is in- 
duced by ATF3 but not CHOP and causes Fox03a- 
dependent PUMA induction and cell death. In other cell 
types, Fox03a has been shown to induce PUMA expres- 
sion independently of p53 (51). We also demonstrated that 
DP5 upregulation is partially Fox03a dependent, which is 
consistent with the presence of a putative Fox03a binding 
site in its promoter. This DP5 induction by Fox03a is ap- 
parently TRB3-independent, suggesting alternative Fox03a 
activation mechanism. 

The physiological relevance of these findings was ex- 
amined in DP5~'~ mice exposed to HFD. Compared with 
WT mice, the DP5~'~ mice were resistant to lipotoxic loss 
of glucose tolerance as a result of significantly greater 
glucose-stimulated insulin secretion and an adaptive in- 
crease in |3-cell mass. Interestingly, (3-cell proliferation and 
hypertrophy were increased in HFD-fed DP5~'~ mice, 
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pointing to a hitherto unknown inhibitory role of DP5 in 
cell growth and the cell cycle. Because the mice were 
whole-body knockouts, it cannot be excluded that DP5 de- 
ficiency also exerts beneficial effects in peripheral tissues. 

In conclusion, lipotoxic ER stress causes JNK- and 
PERK-dependent ATF3 and TRB3-FOX03a activation, and 
these transcription factors regulate expression of Bcl-2 
family members. Palmitate engages the mitochondrial path- 
way of cell death through induction of the BH3-only sensitizer 
DP5, loss of antiapoptotic Bcl-2 and Mcl-1, and upregula- 
tion of the BH3-only activator PUMA, culminating in the 
activation of Bax/Bak and mitochondrial permeabilization 
(Fig. 6G). These results provide insight into the mechanisms 
of lipotoxic (3-cell ER stress and identify hitherto unknown 
transcriptional regulation and signal transduction between 
ER stress and mitochondrial apoptosis. The findings also 
delineate potential new areas for p-cell therapy in the pre- 
vention and treatment of T2D. 
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